Organic phosphorus (P) is abundant in most soils but is largely unavailable to plants. 29 Pseudomonas spp. can improve the availability of P to plants through the production of phytases 30 and organic anions. Gluconate is a major component of Pseudomonas organic anion production 31 and may therefore play an important role in the mineralization of insoluble organic P forms such 32 as calcium-phytate (CaIHP). Organic anion and phytase production was characterized in two 33
Pseudomonas sp. soil isolates (CCAR59, Ha200) and an isogenic mutant of strain Ha200, which 34 lacked a functional glucose dehydrogenase (Gcd) gene (strain Ha200 gcd::Tn5B8). Wild-type 35 and mutant strains of Pseudomonas sp. were evaluated for their ability to solubilize and 36 hydrolyze CaIHP, and to promote the growth and assimilation of P by tobacco. Gluconate, 2-37 keto-gluconate, pyruvate, ascorbate, acetate, and formate were detected in Pseudomonas sp. 38 supernatants. Wild-type Pseudomonads containing a functional Gcd could produce gluconate and 39 mineralize CaIHP, whereas the isogenic mutant could not. Plant inoculation with Pseudomonas 40 improved the bioavailability of CaIHP to tobacco, but there was no difference in plant growth 41 response due to Gcd function. Glucose dehydrogenase function is required for the mineralization 42 of CaIHP in vitro, however further studies will be needed to quantify the relative contribution of 43 specific organic anions such as gluconate to plant growth promotion by soil Pseudomonads. 44 D r a f t
Introduction 51
A growing concern for the sustainable use of phosphorus (P) in agricultural systems has 52 intensified interest in the identification of biogeochemical mechanisms that can be targeted to 53 improve crop access to native or residual soil P (Sattari et al. 2012 ; Stutter et al. 2012) . Increases 54 in the efficient use of P by crop plants could lower external fertilization requirements (Arcand 55 and Schneider 2006; Richardson et al. 2011 ) and the potential for P loss from agricultural soils 56 (Kleinman et al. 2011) . 57
Myo-inositol hexakisphosphate (IHP) and its metal ion precipitates (e.g., calcium or iron 58 complexes of phytate) are among the most abundant forms of organic P identified in soil (Giles 59 et al. 2011; Turner et al. 2002) . To become bioavailable, IHP must be hydrolyzed by plant or 60 microbial phytases to generate orthophosphate (Hill and Richardson 2007) . The hydrolysis of 61 IHP is often restricted by low substrate solubility and low phytase activity in the soil 62 environment ). Rhizosphere processes that enhance the solubility of phytate 63 may therefore play a critical role in plant access to sparingly available phytate in soils. Pseudomonas spp. [Richardson et al., 2001a] , Pantoea sp. [Patel et al., 2010a] , and Citrobacter 72 sp. [Patel et al., 2010b] ) have been shown to improve the mineralization and availability of 73 D r a f t 4 phytate-P to several grass and legume species. More recently, the inoculation of phytase-exuding 74 transgenic plants with P-solubilizing and mineralizing bacteria improved the availability of 75 sparingly soluble phytate to tobacco (Giles et al. 2014 ; Giles et al. 2012) . 76
In plant inoculation studies, phytase-producing Pseudomonas spp. improved the 77 assimilation of soil P by tobacco (Giles et al., 2012; Giles et al., 2014) and in pasture plants 78 (Richardson et al. 2001a ). In agar media, plant utilization of soluble phytate (NaIHP) was 79 increased by up to 3.9-fold (Richardson et al., 2001a) . In a similar study with mung beans, Patel The efficacy of these strategies, however, has been limited in soils (George et produce gluconate through the direct oxidation of glucose, a process which is mediated by the 114 periplasmic glucose dehydrogenase enzyme (gcd) (Buch et al. 2008 Standard techniques for manipulation of DNA were performed as described in Sambrook 157 et al. (1989) . Transposon mutagenesis was performed using the mini-Tn5 derivative Tn5 Km1 as 158 described by Delorenzo et al. (1990) . To allow antibiotic selection of the recipient strain, the 159 plasmid pBBR1MCS-5 ( Pseudomonad orthologs, which were aligned using ClustalW2 in nucleotide mode. Primers were 180 designed manually and checked for melting and self-complementarity using Primer3. The F1 and 181 R1 primers were used to PCR-amplify gcd orthologues from the purified Pseudomonas sp. Pseudomonas spp. were prepared as described previously (Giles et al. 2012 ). Briefly, 250
Pseudomonas sp., strains CCAR59, Ha200 WT, and Ha200 gcd::Tn5B8 were prepared as 251 (Table S1 ).. 279
The presence of a gcd orthologue in Pseudomonas sp. CCAR59 was assessed to determine if 280 gluconate biosynthesis could occur by a pathway similar to that identified for Pseudomonas sp. 281
Ha200. The degenerate gcd primers F1 and R2 (Table 1) Ha200 WT, and gcd::Tn5B8 were assessed at multiple glucose concentrations (0, 1, 11, 110 292 mM). Glucose concentrations were selected to encompass the total daily exudation of glucose 293 from roots as measured in 24 h tobacco exudate solutions (0.2 µmol glucose mg -1 root dry wt.; 294 0.45 ± 0.1 µmol glucose mL -1 ). In the absence of glucose, there were no observable zones of 295 clearing associated with any of the strains tested on CaIHP agar plates (Fig. 1) . Wild-type 296
Pseudomonas sp. Ha200 and CCAR59 soil isolates produced acidic zones of clearing on methyl 297 red plates containing 11 and 110 mM glucose, whereas the transposon insertion mutant (Ha200 298 gcd::Tn5B8) did not. Only the wild-type strains produced zones of hydrolysis on CoCl 2 -treated 299 plates, with the largest zones of hydrolysis observed for Ha200 WT colonies grown with 11 and 300 D r a f t 14 110 mM glucose (Fig. 1) . The Ha200 gcd::Tn5B8 strain had similar phytase activity to the wild-301 type Ha200 strain (1.9 x 10 -2 µkat mL -1 ), despite its inability to hydrolyze CaIHP in agar. 302
Organic anion production and media acidification by Pseudomonas spp. 303
Pseudomonas sp. strains CCAR59, Ha200 WT, and Ha200 gcd::Tn5B8 were grown in 304 (Fig. 2) . The growth (OD 600 ) of all strains was dependent on glucose 307 concentration with the highest glucose concentration (110 mM) leading to OD 600 of ~0.40 and 308 0.16 for CCAR59 and Ha200 strains, respectively (Fig. 2) . Growth by these strains over 13 days 309 at 11 and 110 mM glucose was accompanied with a significant decrease in pH of the media, 310 whereas no change in media pH was observed for the HA200 gcd::Tn5B8 mutant despite growth 311 (OD 600 ) that was comparable to the wild-type strain (Table 2; Fig 2) . 312
Both Pseudomonas sp. CCAR59 and Ha200 predominantly produced gluconate and 2-313 ketogluconate, with lesser amounts of acetate, ascorbate, pyruvate and formate being detected 314 after 13 days growth depending on strain and growth conditions (Table 2) . Only the wild-type 315 strains produced significant concentrations of gluconate and 2-keto-gluconate, which was 316 associated with acidification of the media ( Fig. 2; Table 2 ). The production of these organic 317 anions (i.e., gluconate, 2-keto-gluconate) occurs as a direct result of the oxidation of glucose, and 318 thus was only evident when the cultures were provided with glucose (Fig. 2, Table 2 ). This is 319 consistent with CaIHP plate assays in which only CCAR59 and Ha200 WT supplied with 320 glucose formed zones of clearing, whereas strains grown in the absence of glucose did not (Fig.  321   1) . 322 D r a f t Supernatants from strain CCAR59 contained larger amounts of gluconate and were more 323 acidic than those collected from the Ha200 cultures. For example, when 11 and 110 mM glucose 324 was provided, supernatants from strain CCAR59 contained 8.5 and 25.1 mM gluconate, whereas 325 Ha200 cultures contained 3.7 and 11.8 mM gluconate (Table 2) . On average, the final pH values 326 of the CCAR59 cultures were 0.5 units lower than in the Ha200 cultures (Table 2) . Acetate (0.5 327 to 2.0 mM) was present in all cultures for all glucose concentrations (Table 2 ). Other organic 328 anions detected in Pseudomonas sp. cultures included formate (0.4 to 0.5 mM), which was only 329 detected in Ha200 gcd::Tn5B8 cultures grown on 11 and 110 mM glucose (Table 2) . Pyruvate 330 was detected in CCAR59 (1.0 to 1.1 mM), Ha200 (0.1 to 0.2 mM), and the mutant (0.1 mM) 331 cultures, whereas ascorbate was only detected in CCAR59 cultures (0.7 to 2.5 mM; Table 2 ). proportionally to pH change (R 2 =0.91) as well as log-transformed gluconate concentrations 338 (R 2 =0.82). In the 110 mM glucose condition, CCAR59 supernatants solubilized significantly 339 more CaIHP (0.79 mM) than Ha200 WT (0.58 mM IHP; p < 0.05; Table 2 ). There was no 340 significant difference in CaIHP solubilization between WT strains for the remaining glucose 341 conditions (0, 1, 11 mM; p > 0.05). 342
The solubilization of CaIHP by supernatants from Pseudomonas sp. Ha200 gcd::Tn5B8 343 (0.13-0.15 mM IHP at pH 5.5) was not different than that observed for organic anion free blank 344 media (0.12 mM IHP at pH 5.5) or supernatants from WT strains grown in the absence of 345 D r a f t glucose (0.16 mM IHP at pH 5.5; p>0.05; Table 2 ). When incubated with CaIHP, blank media at 346 pH 4.0 yielded four times more soluble IHP (0.46 mM) than pH 5.5 solutions (0.12 mM; Table  347 2). The pH-dependent solubilization trends were consistent with visual plate assays in which 348 media acidification and CaIHP hydrolysis were only possible for WT strains with the ability to 349 produce gluconate (Fig. 1) . Supernatants collected from the CCAR59 strain grown on 110 mM 350 glucose solubilized more CaIHP (0.79 mM) than organic anion-free blank media at the same pH 351 (0.46 mM at pH 4; Table 2 Pseudomonas sp. strains HA200 and HA200 gcd::Tn5B8 resulted in significantly greater shoot 361 dry weight and increased assimilation of phytate-P into shoots (Fig. 3) . Sterile, phosphate-replete 362 media (i.e., CaPO 4 , NaPO 4 ) and soluble IHP (NaIHP) provided sufficient P for shoot growth 363 (Fig. 3a) and P uptake (Fig. 3b) in plants (0.33% to 0.75% P content; shoot DW basis), while 364
CaIHP represented a limited source of P (0.19% P; Table S1 ; Reuter and Robinson, 1997). Wild-365 type tobacco plants inoculated with the WT and mutant Ha200 strains showed ~ 4 times greater 366 biomass and incorporated approximately six-fold more shoot P (~20 µg) from CaIHP than 367 uninoculated plants (3 µg; Fig. 3b ). However, there was no significant difference in shoot P 368 D r a f t accumulation by plants grown on CaIHP and inoculated with the Ha200 WT (0.18% P; 19±1 µg 369 P) and gcd::Tn5B8 (0.17% P; 24±4 µg P) strains (p<0.05; Fig. 3b , Table S2 ). Therefore, 370 although the presence of the Pseudomonas sp. inocula improved plant assimilation of P from 371
CaIHP, we could not conclude that it was gluconate production, specifically, that afforded this 372 growth benefit. 373
Pseudomonas cells in the plant culture were checked for viability after plants had been 374 harvested for shoot materials and streaked on CaIHP agar media to confirm that the CaIHP 375 solubilization patterns of the inocula (Fig. 1) had been retained during the 30 d growth period. 376
Cells remained viable in the plant growth media of all treatments and replicates and retained the 377 expected CaIHP-solubilization characteristics (Fig. S1 ). All strains grew on CaIHP agar with and 378 without methyl red added (Fig. S1 ). Consistent with our preliminary assessment of CaIHP 379 solubilization phenotype, wild-type CCAR59 and Ha200 strains formed acidic zones of clearing 380 on CaIHP agar, whereas the gcd::Tn5B8 strain did not. Therefore, the different CaIHP 381 solubilization phenotypes in the wild-type and Gcd mutant strains were retained through the 382 plant growth period and a change in the expression of this trait can be ruled out as contributing to 383 the lack of differentiation between plants inoculated with these strains. 384
Discussion 385
Pseudomonas gluconate production and solubilization of CaIHP 386
This study demonstrates that the production of gluconate and media acidification by 387 The inoculation of tobacco plants with the Ha200 WT and gcd::Tn5B8 strains led to an 416 increase in CaIHP utilization, which was comparable to that measured in previous growth assays 417 with the CCAR59 inoculum (Giles et al., 2014) . Contrary to our hypothesis, the ability of the 418 WT Pseudomonas strain Ha200 to produce gluconate did not appear to influence the availability 419 of CaIHP to tobacco plants. This lack of response in the plant system may be due to constraints 420 of the assay and potentially limited effects associated with the modification of a single trait. 421
Methodological constraints of the plant inoculation assay 422
The conditions necessary to elicit the expected plant-microbe interaction and resulting plant 423 growth response may not have been fully achieved, including (1) insufficient or minor levels of 424 glucose production by plants or (2) low bacterial cell densities in the plant growth media. As 425 demonstrated in CaIHP clearing assays with Pseudomonas spp., gluconate production was 426 dependent on the concentration of glucose provided (Fig. 1) . Wild-type tobacco grown for 10 427 days in plant nutrient solution produced 0.45 ± 0.1 µmol glucose mL -1 d -1 , which was expected to 428 be sufficient to support gluconate production by strain Ha200 WT (Lugtenberg et al. 1999) . 429
Gluconate was not detected in culture supernatants from strains grown on 1 mM glucose and 430 these cultures only solubilized 30% of the total CaIHP provided in abiotic incubations (0.3 mM; 431 Table 2 ). This amount of soluble IHP would exceed that provided as NaIHP in plant experiments 432 (0.13 mM); by contrast, the lower threshold of CaIHP solubilization for cultures grown on less 433 than 1 mM glucose was not determined. In tomato, glucose exudation varied with seed 434 development stage and was found to be a minor component of exudate sugars (Lugtenberg et al. 435 1999). Whilst we did not measure the production of sugars other than glucose in the tobacco root 436 exudates, it is possible that alternative carbon sources (e.g., fructose, maltose) could have 437 between wild-type Pseudomonas sp. and strains that were inhibited in the ability to grow on 443 simple sugars (e.g., zfw, glucose-6-phosphate dehydrogenase) (Lugtenberg et al. 1999) , leading 444 to differences in the extent of plant and bacterial interaction between treatments. 445
Insufficient bacterial cell densities in the plant growth system may have caused limitations 446 to the production of gluconate and root zone acidification by Pseudomonas. In liquid culture, the 447 production of gluconate by Ha200 WT was dependent on cell density and growth phase, with 448 production beginning in mid-exponential (10 8 CFU mL -1 ; OD 600 ~0.1) and continuing into 449 stationary growth phase (10 10 CFU mL -1 ; Fig. 3 ). In this study, the inoculum concentration (10 Other factors effecting CaIHP availability to tobacco 455
The fundamental complexity of the rhizosphere may limit the efficacy of single trait 456 manipulations, such as gluconate production, to improving plant P availability. Plants exude 457 multiple sugars, organic anions, and enzymes, which are expected to directly (e.g., through 458 solubilization and mineralization of P) and indirectly (e.g., through bacterial conversion of root 459 carbon to organic anions) influence the fate of P in the rhizosphere. In the current study, it is 460 2011a; Shi et al. 2011b ). Additional extractions of plant growth media (e.g., agar, soil) for the 504 determination of microbial P could elucidate whether root-associated microbes are accumulating 505 P from insoluble organic P, but not necessarily 'giving' it to the plant, and the perturbations that 506 D r a f t may be necessary to promote the release of microbial P to plants (e.g., freeze-thaw or drying-507 rewetting cycles, (Blackwell et al. 2010) ; nematode grazing and soil trophic interactions, 508 (Becquer et al. 2014) . The application of these methods to visualize viable cell density, gcd 509 expression, and composite plant and bacterial metabolite production would complement plant 510 growth assays, the combination of which would help to demonstrate the influence of specific 511 organic anions on CaIHP solubilization, hydrolysis, and bioavailability. 512
Conclusions 513
The combination of organic anion and phytase production by plants and 514 microorganisms in the rhizosphere is one possible approach to improving the bioavailability of 515 insoluble phytate in soils. In this study, we examined the role of bacterial gluconate production 516 in the solubilization and mineralization of CaIHP and subsequent uptake of released P by plants. 517 We showed that the ability of Pseudomonas sp. to produce gluconate, acidify the growth media, 518 and hydrolyze CaIHP was dependent on the presence of a functional glucose dehydrogenase 519 gene. However, the presence of a functional Gcd did not have a significant effect on the ability 520 of tobacco plants to assimilate P from CaIHP when grown under controlled conditions in an agar 521 culture system. The lack of P assimilation could be caused by the experimental plant growth 522 conditions, specifically, if the appropriate levels of glucose exudation by tobacco or 523
Pseudomonas sp. cell density were not achieved. It is also possible that the production of other 524 plant growth promoting factors (e.g., hormones, other organic anions, sugar source) or microbial 525 sequestration of P may ultimately have a larger effect on organic P availability and outweigh any 526 growth benefits gained from Pseudomonas gluconate production alone. Further work is needed 527 to understand the interaction of microbial and plant-derived exudates in the rhizosphere and the 528 relative contribution of these processes to the mobilization of P in more complex soil systems. 529 . Shoot dry weight (A) and total shoot P content (B) of Nicotiana tabacum plants after 32 days growth in sterile media (None) or inoculated with Pseudomonas sp. strain Ha200; either wild-type (WT) or a isogenic mutant in the glucose dehydrogenase gene (gcd::Tn5B8). Media P was supplied as insoluble (CaIHP, CaPO4), soluble (NaIHP, NaPO4), or No P. For each P source, significant differences between inocula are shown as ** p < 0.01 (n=5). 168x124mm (150 x 150 DPI)
